Abstract. Nowadays, the rehabilitation of buildings takes more importance due to sustainability reasons. This involves working with existing building structures and the precise calculus of the building to guarantee the adequate strength and safety, from structures with change of use to deteriorated or damaged structures. Concrete is the most common material in building structures, but it is a heterogeneous and non-linear material. The concrete constitutive law, relation between strains and stresses in different directions, is very complex, and different in tension and compression. In the case of new construction project, the linear relationship between stress and strain has been proved safe enough, but it is unable to simulate the behaviour of used and damaged structures, where it is necessary to study the entire load range. In this work, the most widely used constitutive laws of concrete are compared, parameterizing the necessary constants for their professional application in advanced simulation structures software. Some of the evaluated constants are the Young's modulus, Poisson's ratio, stress cracking and crushing, failure energy or the law of damage evolution. Linear-multilinear behaviour, Willam-Warnke crushing and cracking criteria, continuum damage and microplane options are the assessed constitutive laws, showing the differences between the behaviour models and the tightest values of these material constants along the entire load range.
Introduction
The large amount of constructed buildings in Europe, particularly in Spain, makes a great new building construction activity not necessary. Instead, it seems that there is great activity in the rehabilitation of existing buildings in all countries.
The structural material of most existing buildings and new construction is the reinforced concrete. It can have a very complex pathology due to the potential for deterioration of concrete and steel reinforcement. The reinforcement corrosion is the most common.
Concrete is a heterogeneous and non-linear material, whose constitutive law is very complex and different in tension and compression.
It is necessary to distinguish two cases: First case is the design phase, in which the standards indicate the safety factors to be taken. Second case, in which we act on existing buildings and we assess the remaining safety factor of the actual built structure in order to decide on the action.
In the case of design phase, the linear elastic relationship between stress and strain has been proved safe enough, even though it only represents the initial states of stress. This is because the standards impose a partial safety factors for loads and materials strength, preventing achieve nonlinear stresses at any point [1] . This method is straightforward and computationally very fast. In addition, it allows the development of applications that calculate structures dimensioning even steel reinforcements and concrete sections. The drawback of this method is that it does not warning you of the failure of structures and a subsequent verification is needed. It does not even estimate the ultimate load of the system, being an unsafe mistake its use outside the scope of design.
Instead, linear models do not serve when the ultimate load limits are demanded. The estimate of the ultimate loads is necessary to obtain a safety index, which helps in making decisions about the action in an existing or damaged structure. More complex material behaviour models that represent the entire range of load are necessary. Among the most advanced models of concrete behaviour are the reduction of stiffness, with crushing and cracking, and plastic behaviour of concrete, with the criterion of Willam-Warnke [2] . Convergence is very difficult to achieve in this model due to the inherent discontinuity in its formulation. At present, there are models with a sufficiently exact formulation, which provide the difference between tension and compression strength. These have a much more continuous formulation, which is demonstrated most effective for simulation of concrete, as is the Microplane.
In this paper, we compare the simulation until failure of a cylindrical specimen of concrete in the compressive standard test, by the most widely used constitutive laws of concrete: linear, lineal with crushing and cracking, multilinear, multilinear with crushing and cracking, continuum damage and microplane.
Methodology
A cylindrical concrete specimen for performing a compression standard test has been modelled by finite elements (Figure 1 ). The specimen dimensions are 30 cm high and 15 cm diameter. A usual concrete of 30 MPa of characteristic strength has been chosen.
Finite element discretization has been very careful. A surface element on the upper side of the specimen without resistant properties has been used, which is meshed by a central square and a quad mesh. Thus the most uniform mesh is obtained, which is subsequently extruded. This paper does not seek the best approximation between the simulated models and the actual curve obtained in a laboratory test. The aim is to compare between different constitutive laws, with the same boundary conditions (embedment in the bearing face). The accuracy of all models is valid for professional use. The assessed constitutive laws are as follows: Linear Elastic. Proportional stress-strain behaviour is assumed, based on the elastic moduli, Young's modulus and Poisson's ratio. There is no failure criterion or plasticisation in the material. The adopted Young's modulus is 26.4 GPa [3] , and Poisson's ratio is 0.2.
Linear Elastic + Crushing + Cracking. This case adds the Willam-Warnke criterion of plasticizing. The stiffness is decreased to almost zero to represent the cracking and crushing, when the maximum tensile or compressive strength is reached. The employed uniaxial crushing stress is 38 MPa and the uniaxial cracking stress is 2.9 MPa. These values are the average value for concrete with characteristic strength of 30 MPa at 95% percentile, defined in the standards as the characteristic plus 8 MPa [3] .
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Multilinear Elastic. The relationship between stress and strain has different slopes along the entire load range in this case, simulating a curved behaviour closer to the real concrete (Figure 2 ). This curve is proposed by Bangash [4] .
Figure 2. Stress versus Total strain for 30 MPa concrete.
The curve of behaviour of the material cannot have a negative slope in the simulation, in order to obtain convergence. The concrete usually has a very steep descent with a strain of 0.0022 onwards in reality, especially in high strength concrete.
Multilinear Elastic + Crushing + Cracking. If in addition to multilinear model we add the crushing and cracking criteria already exposed, we are closer to the actual behaviour of concrete.
Continuum Damage. This constitutive law is based on two aspects. First, the damage initiation criteria must to be defined, when tensile and compression stresses from which the material begins to fail are achieved. This model is well suited for the behaviour of fiber composites, and therefore it usually distinguishes injury of fiber and matrix. Once defined the beginning of the damage, it is necessary to define the damage evolution law, while the deformation is increasing. In this paper, the material stiffness has been reduced.
Microplane. This model is based on research of Bazant and Gambarova [5, 6] . The material behaviour is integrated into 42 spatial directions, simulating the shape of a sphere. The material behaviour is modelled through uniaxial stress-strain laws in each of these planes, obtained from laboratory tests in one direction. In order to simulate this constitutive law, some parameters are needed: energy fracture = 8e-5; damage range = 0.90; damage curvature = 1000. Table 1 shows the different assessed models and the computational time for each of them. The stress-strain relationships for each constitutive law can be seen in Figure 3 . 
Results and Conclusions
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Microplane model is the most effective in simulating the behaviour of the concrete, since reaches a very good accuracy for the purpose of professional use in evaluating the remaining safety in damaged buildings, with low calculation times. This is due to the more continuous behaviour of the material constitutive laws.
Figure 3. Stress versus Strain relationships for the assessed constitutive laws.
Models that include the sudden decrease in tension or compression stiffness are more discontinuous and more difficult to achieve convergence, and the computational times are significantly higher in models of real structures. However, they have the advantage of locating the points where cracking or crushing has occurred.
Continuum Damage models based on a damage initiation point are usually employed for fiber composites, but a reasonable adjustment is achieved for a professional use of concrete.
The multilinear elastic constitutive law is a good approximation and has low times of make-ready and convergence, but like the elastic does not indicate the failure points. Because of this a postprocessing work and some external criteria of acceptance of the structure is necessary. Nevertheless, they are the most effective in a first approximation, which may be valid in a professional work.
